We highlight the significance of capillary pressure in the directed assembly of nanorods in ordered arrays of colloidal particles. Specifically, we discuss mechanisms for the assembly of carbon nanotubes at the interstitial sites between latex polymer particles during composite film formation. Our study points to general design rules to be considered to optimize the ordering of nanostructures within such polymer matrices. In particular, gaining an understanding of the role of capillary forces is critical. Using a combination of electron microscopy and atomic force microscopy, we show that the capillary forces acting on the latex particles during the drying process are sufficient to bend carbon nanotubes. The extent of bending depends on the flexural rigidity of the carbon nanotubes and whether or not they are present as bundled ensembles. We also show that in order to achieve long-range ordering of the nanotubes templated by the polymer matrix, it is necessary for the polymer to be sufficiently mobile to ensure that the nanotubes are frozen into the ordered network when the film is formed and the capillary forces are no longer dominant. In our system, the polymer is plasticized by the addition of surfactant, so that it is sufficiently mobile at room temperature. Interestingly, the carbon nanotubes effectively act as localized pressure sensors and, as such, the study experimentally verifies theoretical predictions that the Published in Langmuir, 2012, 28 (21), pp 8266-8274 2 emergence of capillary forces during the latex films formation is greater than approximately 10 -8 N.
emergence of capillary forces during the latex films formation is greater than approximately 10 -8 N.
Introduction
Self-assembly, particularly prevalent in natural materials, is a promising tool to bottom-up formation of nanostructures with controlled architectures. There are many elegant examples found in nature where controlled self-assembly has produced hierarchical materials with extraordinarily complex geometries, both in two-dimensional (2D) lattices and three-dimensional (3D) crystals. The majority of these processes are driven by capillary forces arising from the intermolecular attraction between liquid and solid materials. 1, 2 Mimicking these processes in synthetic systems has proven most challenging.
However, there are examples whereby directed self-assembly 3 has been successfully used for the formation of relatively complex structures using metal particles 4, 5 , nanorods 6 , carbon nanotubes surfactant can be successfully assembled into highly-ordered structures utilizing a polymer colloidal crystal template.
Here, we study the influence of capillary forces combined with a physical template (colloidal template) as a way to drive the self-assembly of CNTs into highly ordered structures. We also investigate the influence of the extent of plasticization of the polymer particles and the flexural rigidity of CNTs on the level of self-assembly and the local nanoscale morphology of the composite material.
The results point to some general guidelines that must be considered more generally for the controlled design of colloidal-based composite systems containing any nanostructured filler.
Materials and Methods

Materials
Single-wall carbon nanotubes (SWNTs) synthesized through high-pressure catalytic decomposition of carbon monoxide (HiPCO) were purchased from CNI Nanotechnologies, TX, USA. Multi-wall carbon nanotubes (MWNTs) and double-wall carbon nanotubes (DWNTs) were purchased from Nanocyl S.A.
The latex polymer used as the template for CNT assembly, provided by DSM NeoResins (Waalwijk, The Netherlands) is based on a random copolymer of butyl acrylate (BA), methyl methacrylate (MMA) and methacrylic acid (MAA) in a molar ratio of BA:MMA:MAA of 85:10:5, as described elsewhere. 30 .
The polymer particle size is 270 nm, its dry glass transition temperature (T g ) is 28 C, and the initial solids content is 49.5 wt.%. The latex dispersion was prepared by semi-batch emulsion polymerization using sodium dodecyl sulfate (SDS) to achieve stability and ammonium persulfate as the initiating salt. 30 
Preparation of aqueous dispersions of CNTs
As-received SWNTs were dispersed in deionised water, containing either 1 wt. % (1) non-ionic surfactant, Triton X-100 (Fisher Scientific); (2) anionic surfactant, sodium dodecyl sulfate, SDS (Fisher Scientific); or cationic surfactant, cetyltrimethylammonium bromide, CTAB (Fisher Scientific). The dispersions were sonicated using a probe ultrasonicator (Branson Sonifier, model 150D) for 20 minutes at a power level of 20 Watts in an ice-cold water bath resulting in the CNT concentrations in water as high as 1 mg ml -1 . MWNTs and DWNTs were dispersed and exfoliated following the same procedure as just described for SWNTs. Nine different CNT dispersions were prepared in total (three different types of CNTs and three different types of surfactants).
Preparation of composites
Each of the aqueous CNT-surfactant dispersions were then blended with the latex by stirring, thus resulting in nine different types of dispersions. The latex-SWNT mixtures were sonicated in an ice-cold water bath for 10 minutes. The final weight fraction of CNTs in all dispersions was 0.5 wt. % based on the solids content of polymer latex in the dispersion (determined by TGA). All nine composite dispersions were deposited onto poly(tetrafluoroethylene) (PTFE) moulds by drop casting and subsequently left to dry for 48 hours at room temperature (~21 C).
Characterization
Microstructural investigations of composite materials were made using a Hitachi S-4000 scanning electron microscope (SEM) at an accelerating voltage of 10-15 kV, a working distance of 6-10 mm, and a spot size of 5 nm. Owing to the relatively high electrical conductivity of the samples, they were imaged without sputtering a metal onto their surface. For topographic studies, an atomic force microscope (AFM) (NT-MDT, Moscow, Russia), using semi-contact mode, was employed. The AFM probes (NT-MDT) had an average spring constant of 11.8 N/m. The T g of the original polymer latex and all composites was determined using a differential scanning calorimeter (DSC) (TA Instruments Q1000, New Castle, USA). A standard heating rate of 10 C/min, and cooling rate of 20 C/min were used for all samples. The value of T g was taken in the second heating scan at the midpoint step-wise increase of the specific heat associated with glass transition.
Results
This study aims to explain the forces and factors that influence the self-assembly of CNTs in colloidal crystals. The interface between CNTs and polymers in colloidal composites were modified through variation of the surfactant used to stabilize the nanotube dispersion in the initial liquid state. For this purpose, aqueous dispersions of SWNTs, MWNTs and DWNTs were prepared using three surfactants of differing charge: a) a non-ionic surfactant, octyl-phenol-ethoxylate (Triton X-100), b) an anionic surfactant, sodium dodecyl sulphate (SDS), and c) a cationic surfactant, cetyltrimethylammonium bromide (CTAB).
In order to study the extent of ordering of CNTs at the polymer particle interface, SEM analysis of the nanocomposite surfaces was employed, and the results are shown in Figure 1a -g. As can be seen in Figure 1a , when utilizing Triton X-100, SWNTs have self-assembled into a honeycomb-like structure templated by the hexagonal close-packed (HCP) particle arrangement in the colloidal crystal. The diameter of the ring-like structure of CNTs corresponds to the polymer particle size. The CNTs have clearly wrapped around each particle. The ordering is three-dimensional and highly controlled, as was shown elsewhere 28 . Changing the type of CNTs from SWNTs to MWNTs also produces self-organized HCP arrangements (Figure 1b) , however the structure is slightly less perfect. Finally, the DWNTs also exhibit structural ordering in the nanocomposite, however they appear to be more rigid and to form a 'snake-like' configuration between the latex particles, as is shown in Figure 1c .
Next we consider the effect of surfactant type. By replacing the Triton X-100 with the anionic surfactant SDS, the microstructure of the nanocomposite is completely modified. As is shown in Figure   1d and 1e, despite the fact that both SWNTs and MWNTs appear uniformly distributed within the latex particle matrix, no apparent ordering of the CNTs is seen. Moreover, in the case of composites containing DWNTs, shown in Figure 1f , the CNTs act as semi-rigid rods distributed between polymer particles in a snake-like manner.
When CTAB-stabilised CNTs were introduced into the latex, a marked increase in the dispersion viscosity occurred, and a gel was formed. For that reason it was not possible to obtain a smooth composite film. Figure 1g shows the drop-cast sample with SWNTs randomly distributed within the polymer matrix. Due to the inability to form films containing CTAB, the characterisation of composites containing other types of CNTs was not carried out. With CTAB, the dispersed CNTs develop a positive charge. As the latex particles are negatively charged, it is likely that the CNTs were attracted to the polymer particles and bridged particles. This type of flocculation explains the increase in the viscosity and the resulting disordered structures. All composites prepared for this study contain 0.5 wt. % CNTs.
To examine further the modifications to the nanocomposite's nanostructural ordering, pattern recognition analysis of representative SEM images was performed using the fast Fourier transformation
[FFT] method. The Fourier transform of a lattice containing periodic networks of CNTs perfectly templated by close-packed spherical particles will consist of a series of points whose symmetry of positions is related to those of the lattice points and whose intensity is modulated by sampling by the Airy diffraction pattern associated with each CNT-wrapped particle. The presence of such spots is a direct indication that a high degree of ordering exists. The distance of the spots from the FFT image center is inversely related to their spacing in real space. Figure 2 shows the frequency-domain patterns generated by 2D FFT analysis of the micrographs. For composites containing SWNTs and MWNTs prepared using Triton-X100, the composites exhibit longrange hexagonal structural order, which is indicated by a series of six bright spots with six-fold rotational symmetry in the resulting FFT spectra shown in Figure 2 (a,b). Close inspection of these patterns indicates that there is an apparent broadening of the spots, which results from the presence of hexagonal domains with different orientation within the sample. The FFT spectrum of the composite containing DWNT prepared using Triton-X-100, shown in Figure 2c , exhibits marked broadening and reduced intensity of the lattice-derived spots and increased intensity of the central Airy disc, indicating that the lattice ordering of the nanotubes is reduced. As the ordering of the nanotubes by the lattice is reduced further through preparation of composites with SDS or CTAB (Figure 2d to 2g), the presence of points due to regular ordering diminishes, and the FFT spectrum is indicative of a disordered array of lattice points, characterized by a broad, intense Airy disc at the centre of the pattern. It is interesting to note that the FFT spectrum associated with the DWNT composite prepared using SDS, shown in Figure   3f , appears stretched in one direction and squeezed in the other. MWNT and (f) DWNT; latex composite containing a cationic surfactant CTAB and (g) SWNT.
Discussion
There are two main trends that we need to explain. Firstly, there are differences in the extent of structural ordering of CNTs which depend on whether the surfactant is Triton X-100, SDS or CTAB.
Secondly, there are differences observed when comparing the composites fabricated using the different type of CNTs (SWNTs, MWNTs, and DWNTs).
From our observations, the surface charge of the latex particles and the post-added surfactant type play important roles in the self-assembly of CNTs. When a surfactant is miscible with a polymer matrix, it can act as a traditional plasticizer and reduce the glass transition temperature. 31, 32 Surfactants can also plasticize the outer regions of polymer particles, to create a shell structure. 33 In all the composites studied here, any excess surfactant that is not adsorbed on the CNT surface will be contained in the interstitial voids between the latex particles in the form of free surfactant. 34 We hypothesize that in our case, the surfactant could plasticize the polymer particles and facilitate the formation of long range honeycomb-like ordering of CNTs. Additional experiments tested this hypothesis. Below, we separate our discussion into three distinct sections. Firstly, we discuss the role of surfactant in plasticizing the latex particles. Secondly, we discuss the emergence of capillary forces that may act locally at interfaces between particles during composite film formation. Finally, we relate the emergence of these capillary forces to the propensity of CNTs to bend effectively around polymer particles and as a result form extended honeycomb networks.
Particle plasticization by surfactants
To investigate the extent of plasticization by the three types of surfactant, DSC was performed. The results are shown in Figure 3a . The T g of the original latex was measured to be 28 C. Composites containing Triton X-100 and all types of CNTs show a significant reduction of T g . In the case of SWNTs, the T g is reduced to 19 C, and for MWNTs and DWNTs, it is reduced to 24 C and 24.5 C, respectively. To determine whether this substantial decrease in T g can be attributed to the presence of surfactant rather than to the direct effect of CNT incorporation, a control experiment was conducted.
The same amount of Triton X-100 was added to the latex as was added with the CNTs in the composite.
A decrease in T g by 10 C was observed, indicating that the free surfactant is indeed plasticizing the polymer matrix. Interestingly, there is a noticeable difference in the T g between composites containing Triton X-100 stabilised SWNTs and those containing MWNT and DWNTs. We hypothesize that this is due to the fact that the surface area of CNTs accessible to the surfactant molecules varies for the different forms of CNTs. 35 The surface area per unit volume ratio (S/V) of SWNT bundles is relatively smaller than the S/V of individual de-bundled MWNTs and DWNTs. Therefore, in the case of SWNTs, less surfactant molecules can be adsorbed on the nanotube surface and consequently non-adsorbed surfactant can plasticize the polymer, as shown in Figure 3b . Additionally, owing to the composite fabrication method, if more CNTs are introduced into the polymer, more surfactant is present in the composite. As a result of the larger S/V, greater amounts of Triton X-100 are adsorbed on the MWNT surface, and less surfactant is available to plasticize the polymer phase when compared with the composite containing SWNTs.
It is well known that the presence of low molecular weight additives, such as surfactants, can markedly increases the free volume of a polymer and subsequently lower the T g . The observed plasticization can be described by the Fox equation 36 and is defined in Equation 1 below:
where g T is the predicted glass transition temperature resulting from plasticisation, surf x is the weight fraction of the surfactant, The actual weight fractions of the polymer and surfactant used to prepare the composites containing SWNT/Triton X-100 and MWNT/Triton X-100 were used in the calculations. In this calculation, it was assumed that all of the surfactant desorbed from the CNTs and plasticized the polymer. A T g value of 28 C (measured by DSC) was used for the dried original polymer, and a T g of -61C (determined independently by DSC) was used for Triton X-100.
It should be noted that the predicted T g is only for the situation where all of the surfactant takes part in the plasticization of the polymer latex. Of course, in reality, as some of the Triton X-100 is adsorbed on the CNT surface, the effective wt. % causing plasticization is reduced unless desorption is complete. As can be seen in Figure 3b , the dependence of the experimental T g of the composite as a function of wt. % of MWNTs is markedly different to that predicted by the Fox equation with higher values predicted for specific weight fractions of CNTs. Only at higher MWNT concentrations (0.5 wt. % and above) the experimental T g values become lower than the predicted value. For the composite containing SWNTs and Triton X-100, a significantly lower T g is obtained compared to the predicted T g at different weight fractions. It should be noted that polymers produced by emulsion polymerization can be saturated with water. 37, 38 Hydroplasticization (plasticization by water) can reduce the T g of the polymer as a result of the specific interaction of water molecules. 39 Although the polymer in the dry state no longer contains water, it is possible that the polymer contains water when dispersed as particles in the wet latex. Thus, it is possible that the lowering of the T g of polymer composites is associated with both the plasticizing effect of the surfactant combined with hydroplasticization. Comparison to the Fox equation prediction confirms that the surfactant on the MWNTs does not plasticize the polymer until there is a higher concentration. This result can be associated with the higher surface area (compared to SWNTs), which adsorbs more surfactant before an excess is reached and plasticization begins.
As is shown in Figure 3a , the composites containing SDS, regardless of the type of CNTs added,
show an increase in T g by 3 C compared to the pristine polymer latex. The increase in T g (antiplasticization) can be explained as follows. The polymer latex contains hydrophilic carboxylic acid monomers (such as MAA) that are commonly added to synthetic latices to alter the polarity of the polymer latex as well as the interactions that arise between the polymer and the surfactant and most importantly to provide colloidal stability. 40, 41 Therefore, the presence of acidic groups at the interface increases hydrophilic interactions between the polymer surface and the SDS molecules. In the latex dispersion, the alkyl chain of the surfactant molecule associates with the hydrophobic regions of the latex surface and the charge group orientates itself toward the aqueous solution. When combining dispersions, more SDS surfactant is likewise introduced. With increasing SDS concentration introduced at the interface, the surfactant molecules relocate and align perpendicular to the surface producing a more compact coverage. 42, 43 The overall T g of the composite is increased compared to the T g of the pristine polymer latex.
Introducing the cationic surfactant CTAB to the negatively-charged dispersion induces latex coagulation. The mechanism of coagulation is derived from the positively-charged CTAB neutralising the opposite charges on the particles (charge neutralisation). Consequently, bridging flocculation is enabled by the reduction in the electric double layer repulsion between particles. 44, 45 In the composite, part of the cationic surfactant is adsorbed on the CNT surface, thus the bridging may take place between latex particles and CNTs. No change in the T g was observed for this system.
Due to issues with film formation when using CTAB, the following discussion will only concentrate on the comparison of the composites containing Triton X-100 and SDS surfactants. From now on, we shall simplify the discussion by referring to the composite containing non-ionic surfactant (Triton X-100) as "plasticized composite", and latex particles plasticized by this surfactant as "plasticized particles". We shall call the composite containing anionic surfactant (SDS) "unplasticized composite,"
and particles unaffected by this surfactant are called "unplasticized particles".
The role of capillary forces on compaction and deformation of latex particles
In order to understand why the CNTs bend and deform into continuous networks around the latex spheres, it is necessary to analyze the deformation of polymer particles and forces active during the film formation process. In the first stage of drying, the nanocomposite dispersion is deposited onto a substrate. Water evaporates resulting in a decreased average interparticle spacing as particles are forced into a close-packed array. At this stage the particles remain spherical and undeformed. In the second stage, as water continues to evaporate, the water-air (w/a) interface recedes into the surface pores creating a differential capillary pressure. As a result of the efficient particle wetting, the resulting interface takes up on a curved meniscus, with air being on the inner side of the curvature. The resulting capillary force exerted by the top layer of particles on the particles below causes them to deform. Since the pressure differential across the meniscus is inversely proportional to its radius of curvature, a smaller radius of curvature will result in greater capillary pressure. 46 With progressive drying, some water is left at the contacts between the particles forming liquid bridges. For a concave liquid bridge, a negative capillary force is generated that will further press the particles together, leading to the elimination of interstitial voids, the extent depending on the viscoelastic properties of the polymer. (Particles at temperatures near to their glass transition temperature will undergo minimal deformation under capillary forces but rather undergo slower deformation driven by reduction of the polymer/air interfacial energy.) Finally, particles undergo coalescence through the interdiffusion of polymer molecules, eventually forming a continuous film.
Visschers et al. calculated the forces needed for successful deformation of particles 47 and derived an equation to describe the dominant capillary driving force, which is due to the receding w/a interface (eq.
2) 47 :
where  is the w/a surface tension, r p is the particle radius,  is the contact angle measured through the liquid, and f is the extent of deformation (f = 0 for absence, and f = 0.095 in the presence of maximum particle deformation). Using eq. 2 and data listed in Table S1 (Supporting Information), we have calculated the capillary forces resulting from the receding w/a interface for our system to be ~10 -7 N, which is of the same order of magnitude reported elsewhere. The forces resulting from the proceeding capillary liquid bridge forces (shown as Fig.S1a in Supporting Information), although an order of magnitude smaller (~10 -8 N) can also be calculated using eq. (3) 47 :
where P c is the pressure difference between the outside and the inside of the liquid bridge and r 2 is the radius of the liquid bridge depicted in Fig.S1b (see Supporting Information) . These forces are large enough to lead to further particle deformation. Table S1 in supporting information presents the parameters and estimates of the various forces acting on the particles during film formation.
The deformation of particles is highly dependent on temperature through alteration of the rheological response of viscoelastic polymers. Routh and Russel 48 modelled the effect of temperature on the deformation mechanism and the time for complete deformation of latex particles. They showed that if the drying takes place at a temperature below yet near the Tg, the deformation mechanism is governed by either 'dry' or 'moist sintering'. During "dry sintering", the dry latex particles flatten together, with the driving force provided by the surface free energy of the polymer-air interface, while "moist sintering", occurs because of the presence of residual water rings. Regardless of the mechanism leading to the deformation, dry or moist sintering is dominant for less than 15% of the deformation process. For a drying temperature significantly higher than the T g , "wet sintering," driven by the surface tension between the particles and the solvent, dominates the deformation mechanism.
Visschers et al. 47 calculated and compared the capillary forces acting on a particle that has undergone differing amounts of deformation. They noticed that the capillary forces are slightly lower for deformed particles versus non-deformed particles. However, it is clear from our studies that plasticized particles undergo markedly larger deformations than unplasticized. This is explained as follows. For example, the plasticized composite containing SWNTs was dried at room temperature, 2 C above the T g . Under these conditions, according to the process map of Routh and Russel, the particles will deform by a combination of capillary pressure and wet sintering. 48 At temperatures above T g , the particles have sufficiently low viscosity to ensure particle deformation within the drying period. Substituting a nonionic surfactant for an anionic one significantly changes the particles' mechanical properties. The T g of the unplasticized composite is increased to 31 C, and the drying is performed 10 C below the T g , such that the deformation is governed by dry sintering mechanism. The rate of particle deformation is limited by the high polymer viscosity.
4.3. The magnitude of forces needed to bend a carbon nanotube around a polymer particle
As we have highlighted in the previous section, as the film forms, at each contact surface between particles there is a localized distribution of both compressive and tensile stresses resulting from capillarity. In order to bend CNTs around the particles, thus creating a connected and continuous CNT network, the superposition of forces must be large enough to overcome the CNT's resistance to bending.
The force that is required to bend a CNT around a polymer particle can be roughly approximated using classical mechanics. 49 In this approximation, a CNT is considered as a beam supported at two outer points (points of capillary forces compressing two particles together) and subjected to a concentrated load which is applied perpendicular to the middle of the beam (see discussion in the Supporting Consequently, it can be concluded that the capillary forces due to the receding water/air interface are large enough to cause the CNT bending around the polymer particles. Depending on the type of CNT, their fabrication method, the kind and density of defects, the measured bending modulus ranges from 1
GPa to 1 TPa. [59] [60] [61] [62] [63] [64] The bending modulus of a CNT rope roughly corresponds to the Young's modulus for a small bundle but strongly decreases with increasing diameter of rope. 65, 66 This is due to the nanotubes in a large bundle acting as a loose assembly of tubes which upon deformation can slip along each other. For example, the bending modulus of a bundle 15 nm in diameter is as low as 100 GPa. 66, 67 To provide an indication of the extent of CNT de-bundling, Figure 5 (a to c) shows representative AFM images of SWNTs, MWNTs, and DWNTs, respectively, spin-coated onto a mica-sheet from the non-ionic surfactant Triton X-100 based dispersions. Due to the large weight concentration of CNTs (1 mg/ml) dispersed in the all-aqueous dispersions, it is expected that they will consist of large bundles stabilised by surfactant molecules, rather than individually dispersed nanotubes. Based on the observations above, the following conclusion can be drawn. Capillary forces develop when the particles are drying. These forces are strong enough to bend CNTs. However, the nature of bending will be highly dependent on their flexural rigidity dictated by the size of the bundles, such as shown in Figure 5 (d to e) . Although, the capillary forces for plasticized and unplasticized particles are of the same order of magnitude, the plasticized latex particles will undergo significant deformation while the unplasticized particles will remain roughly spherical. Since the capillary forces are very similar for both systems, the CNTs will be bent by the same amount. However, during the evaporation of water the capillary forces acting on particles decrease as a function of drying time. Once the evaporation of water is complete, the capillary forces tend to zero magnitude. It has been shown in the literature that CNTs can be bent elastically and repetitively 68, 69 . As such, regardless of the method used to bend a CNT, when the applied force is removed, they return to their original shape in a spring-like manner. As described in section 4.2, the film formation of the unplasticized particles occurs via dry/moist sintering. Upon completion of the drying process, there is no capillary pressure acting on the particles, and the CNTs will spring back to their original rod-like shape, resulting in the disordered structure shown in Figure 1 (d to f). On the other hand, film formation via "wet sintering" takes place for the plasticized particles, resulting in increased particle contact enabling interdiffusion of the particles to fuse around the CNTs. Hence, when the capillary forces disappear, the fused particles will hold the bent CNTs in their positions, thereby preventing them from reverting back to their original configuration. As a result, the CNTs are templated into highly ordered structures as shown in Figure 1 (a to c).
It should also be noted that as there is an effective threshold force required to bend the CNTs around the polymer particles; in essence, they are acting like local pressure gauges. This may prove an important observation, as until now, it has been most difficult to experimentally verify theoretical predictions of the magnitude of capillary forces during latex film formation. Moreover, by careful choice of nanostructured fillers with systematic variation in their associated bending modulus, one could precisely measure such capillary forces in a future study. Conversely, systems with known and varying capillary forces could be used to determine the elastic modulus of carbon nanotubes and nanowires. 
Conclusions
In summary, we showed that the capillary forces at progressive stages of evaporative self-assembly of colloidal particles are strong enough to bend CNTs (and potentially any nanowire or nanotube with the requisite mechanical properties) around the particles. The understanding and manipulation of these interfacial forces has allowed for the controlled assembly of carbon nanotubes into ordered honeycomb arrangements. The ordering is highly dependent on the type of surfactant used to stabilise the dispersion in the initial liquid state. The way that the CNTs are assembled within the colloidal crystal can be customized by charge interactions and varying the extent of plasticization by surfactants. Our study points to general design rules to be considered to optimize the ordering of nanostructures within such polymer matrices.
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